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and ††Department of Pharmaceutical Sciences, University of Maryland, Baltimore, MarylandABSTRACT The short lifetime of superoxide and the low rates of formation expected in vivo make detection by standard
continuous wave (CW) electron paramagnetic resonance (EPR) challenging. The new rapid-scan EPR method offers improved
sensitivity for these types of samples. In rapid-scan EPR, the magnetic field is scanned through resonance in a time that is short
relative to electron spin relaxation times, and data are processed to obtain the absorption spectrum. To validate the application of
rapid-scan EPR to spin trapping, superoxide was generated by the reaction of xanthine oxidase and hypoxanthine with rates of
0.1–6.0 mM/min and trapped with 5-tert-butoxycarbonyl-5-methyl-1-pyrroline-N-oxide (BMPO). Spin trapping with BMPO to form
the BMPO-OOH adduct converts the very short-lived superoxide radical into a more stable spin adduct. There is good
agreement between the hyperfine splitting parameters obtained for BMPO-OOH by CW and rapid-scan EPR. For the same
signal acquisition time, the signal/noise ratio is >40 times higher for rapid-scan than for CW EPR. Rapid-scan EPR can detect
superoxide produced by Enterococcus faecalis at rates that are too low for detection by CW EPR.INTRODUCTIONSuperoxide (O2
,) is well known for its role in the Fenton
reaction and oxidative stress (1–3). It is generated by a broad
spectrum of enzymes and has been shown to be an important
cell-signaling agent, controlling a variety of physiological
functions (3,4). Yet our knowledge of these signaling events
is currently based only on in vitro models. For example, we
have shown that O2
, generated by the metabolism of
xanthine by xanthine oxidase can promote the germination
of Bacillus anthracis endospores (5). Similar findings
were obtained using activated macrophages (6). Although
these models are highly suggestive of an important cell-
signaling role for O2
,, it has not been possible to
confirm the analogous pathways in vivo. Improving the
sensitivity of detection of O2
, requires improved methods.
The research described herein is an important step
toward detecting O2
, in cells by electron paramagnetic
resonance (EPR).
Reactive oxygen species, including hydroxyl (HO,) and
superoxide (O2
,) radicals, have lifetimes at ambient
temperature that are too short to be detected directly by
EPR. The spin-trapping technique, in which a short-lived
radical reacts with a nitrone or nitroso compound to form
a more stable radical (Scheme 1), was developed in the
late 1960s (7,8). For many years, 5,5-dimethyl-1-pyrroline-
N-oxide (DMPO) (Scheme 1) was the nitrone of choice for
detecting O2
, and HO, because of the characteristic EPR
spectra of the adducts DMPO-OOH and DMPO-OH
(9,10). DMPO has played a pivotal role in identifyingSubmitted May 4, 2013, and accepted for publication June 4, 2013.
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, in many enzymatic reactions, including nitric oxide
synthases (11–14). More recently, spin traps have been syn-
thesized with either a diethoxyphosphoryl (DEPMPO) (15)
or ester group, such as 5-tert-butoxycarbonyl-5-methyl-
1-pyrroline-N-oxide (BMPO) (16–18). BMPO (Scheme 1)
has a larger rate constant for trapping O2
, than DMPO,
and BMPO-OOH exhibits a longer half-life than DMPO-
OOH (18). However, even with improvements in spin traps,
the low rate of formation of O2
, in vivo makes detection by
EPR extremely challenging.
Continuous-wave (CW) EPR has been the method of
choice for most spin-trapping experiments. Analogously to
NMR, Fourier transform (FT) EPR has the potential to
improve the sensitivity of EPR. However, electron spin
relaxation times are orders of magnitude shorter than
nuclear spin relaxation times, which limits the utility of
FT-EPR. Electron spin relaxation times for spin-trapped
radicals are expected to be similar to those for the more
stable nitroxides. Although T2 for rapidly tumbling nitro-
xides in deoxygenated aqueous solutions is ~0.5 ms (19),
unresolved hyperfine splittings and collisions with O2
reduce T2* (the effective decay time for a free induction
decay) to <100 ns. These short T2* values are less than
the dead time of most pulsed EPR spectrometers, which
drastically reduces detected signal intensity and makes the
signal/noise ratio (S/N) per unit time for FT-EPR spectra
of spin-trapped radicals poorer than that for CW.
We propose that a novel (to our knowledge) detection
method, rapid-scan EPR, can substantially improve the
sensitivity of EPR for detection of spin-trapped radicals.
In a rapid-scan experiment, the magnetic field is scanned
through resonance in a time that is short relative to electronhttp://dx.doi.org/10.1016/j.bpj.2013.06.005
SCHEME 1 Spin-trapping reagents and reaction.Thehalf-lives cited in this
scheme are from Tsai et al. (18), Frejaville et al. (15), and Rosen et al. (43).
Rapid-Scan EPR for Spin Trapping 339spin relaxation times. The absorption and dispersion signals
are recorded by direct detection with a double-balanced
mixer instead of by phase-sensitive detection at the modula-
tion frequency, as is used in conventional CW spectroscopy.
Rapid-scan signals can be deconvolved to give the slow-
scan absorption spectrum (20,21). Rapid-scan EPR was
initially developed at 250 MHz for applications to in vivo
imaging (22–24). A historical perspective of the method is
provided in Stoner et al. (22). The direct detection of the
absorption spectrum distinguishes the method used in this
study from earlier studies in which the term ‘‘rapid scan’’
indicated faster scans than were available with commercial
instrumentation, but still used phase-sensitive detection at
the modulation frequency. More recently, X-band (9.5
GHz) rapid-scan EPR was shown to provide a dramatically
improved S/N for the E0 defect in irradiated fused quartz
(25), for paramagnetic defects in amorphous hydrogenated
silicon and in diamonds (26), and for nitroxides in fluid
solution (27). X-band rapid-scan EPR also is useful for
characterizing the distributions of relaxation times for
a,g-bisdiphenylene-b-phenylallyl (BDPA) (28).
In this work, we demonstrate the improvement in S/N for
BMPO-OOH recorded by rapid-scan EPR relative to CW
EPR. The oxidation of hypoxanthine by xanthine oxidase
was used as a continuous enzymatic source of O2
,, with
rates of generation in the range of 0.1–6 mM/min. To
demonstrate applicability to a living organism, we used
rapid-scan EPR with BMPO as the spin trap to detect
O2
, produced by Enterococcus faecalis. E. faecalis is a
human intestinal commensal that has been shown to produce
extracellular O2
, (29). Rapid-scan EPR spectroscopy,
combined with the best of the current generation of spin
traps, permits characterization of the O2
, generated at rates
similar to those that would be observed in isolated cells, in
short periods of time that permit temporal resolution of the
signal. The low concentrations of BMPO-OOH that can be
observed by rapid-scan EPR are undetectable by CW EPR.MATERIALS AND METHODS
The BMPO spin trap was synthesized as described in the literature (18).
Xanthine oxidase (EC 1.1.3.22), hypoxanthine, superoxide dismutase
(SOD), horse heart ferricytochrome c, and diethylenetriaminepentaacetic
acid (DTPA) were purchased from Sigma-Aldrich (St. Louis, MO).
E. faecalis ATTC strain 19443 was purchased from Carolina Biological
Supply (Burlington, NC). Brain-heart infusion agar (BHI) was purchased
from Fischer Scientific (Philadelphia, PA). Samples for EPR spectroscopywere contained in 0.8 mm inner diameter Pyrex capillaries supported in
4 mm outer diameter quartz EPR tubes.
To validate the method, we generated O2
, using hypoxanthine and
xanthine oxidase at pH 7.4 (30). Typically, xanthine oxidase (0.04 U/mL)
was added to pH ~7.4 sodium phosphate buffer (50 mM) containing
DTPA (1 mM) and hypoxanthine (0.5–400 mM, final concentration) to
achieve rates of O2
, formation that ranged from 0.1 to 6.0 mM/min. We
estimated the superoxide formation rate by monitoring the SOD-inhibitable
reduction of ferricytochrome c (80 mM) at room temperature (31). Spin
trapping was performed by addition of 100 mM BMPO in pH ~7.4
phosphate-buffered saline (PBS; 50 mM) containing 1 mM DTPA to the
solution of hypoxanthine and xanthine oxidase to achieve a final BMPO
concentration of 50 mM in the reaction mixture. EPR spectra were recorded
10 min after mixing reagents. The half-life of BMPO-OOH at ambient
temperature is reported to be ~23 min (18). Solutions for control experi-
ments contained SOD (30 U/mL).
The procedure for growing E. faecalis for spin-trapping experiments
was similar to that described in the literature (32–34). The E. faecalis
was incubated at 37C for 16 h in aqueous BHI media. After samples
were spun at 8600 RCF for 2 min, the bacteria-containing pellets were
washed with PBS and resuspended in PBS. We estimated the rate of
formation of O2
, by E. faecalis in the presence of 10 mM glucose to
be 0.1 nmoles/min per 1.0  106 colony-forming units (CFU) by moni-
toring the SOD-inhibitable reduction of ferricytochrome c (80 mM) at
room temperature. Bacteria were enumerated by two methods: 1), the
optical density (O.D.) at 620 nm was measured at several different
dilutions, and a molar absorptivity of 2.0  109 CFU O.D.–1 mL–1 was
used to convert OD to CFU; and 2), each suspension of bacteria was
further diluted by a factor of 100,000 and 10 mL was plated on BHI.
The individual colonies that formed overnight (at 37C) were counted to
determine the average number of CFU/mL.
CW EPR spectra were obtained on a Bruker EMX-plus X-band
(9.5 GHz) EPR spectrometer (Bruker, Billerica, MA) with a super high
quality factor (SHQ) resonator. With these samples in the resonator, the
Q was ~3000 and the resonator efficiency (B1 /OW) was 1.2 (26,27).
Although the peak-to-peak first-derivative line widths for individual hyper-
fine lines were ~0.75 G, the spectra were overmodulated with modulation
amplitude ~0.75 G. The 20 mW microwave power (B1 ¼ 170 mG) was
too high to be in the regime where signal amplitude increases linearly
with the square root of power. High modulation amplitude and microwave
power were used to maximize the signal amplitude, although these param-
eters broaden the lines and decrease resolution of the small hyperfine
splittings.
Rapid-scan EPR spectra were obtained on a custom Bruker E500T
X-band spectrometer with a dielectric ER4118X-MD5 resonator. In the
dielectric resonator, the B1 excites spins over a sample height of ~1 cm,
which is about half as large as in the SHQ resonator. In comparing the
performance of CW and rapid-scan EPR, we did not take this factor of
~2 difference in the number of spins detected into account. The samples
lowered the resonator Q, as measured with a locally designed addition to
the bridge (35), to ~850. We determined the efficiency of the resonator





sample of the stable nitroxide 4-hydro-3-carbamoyl-2,2,5,5-tetra-perdeu-
teromethyl-pyrrolin-1-15N-oxyl (15N-mHCTPO), and simulating the power
saturation curve with the program SATMON (36) using known values of T1,
T2, and unresolved proton hyperfine couplings (27). Sinusoidal scans were
generated with a locally designed and built scan driver (37) that includes
interchangeable capacitors to resonate the scan-coil circuit. Litz wire coils
with 7.6 cm average diameter were mounted outside the resonator, coaxi-
ally with the main magnetic field. The scan frequency was ~51 kHz and
the scan widths were 55 G. The signal amplitude for BMPO-OOH changes
too rapidly with time to permit acquisition of a power saturation curve.
Based on the power saturation behavior for stable nitroxides in aqueous
solution (27), a microwave power of ~53 mW (B1 ¼ 250 mG) was selected
to maximize the signal amplitude with <2% line broadening. Data were
acquired in segments containing one to 12 cycles of the sinusoidal scans.Biophysical Journal 105(2) 338–342
340 Mitchell et al.These segments were averaged 100 k times. Background correction (38),
sinusoidal deconvolution (20), combination of signals in real and imaginary
channels, and combination of up-field and down-field scans were performed
to obtain the spectra shown in Figs. 1–3.
A fourth-order Butterworth filter was applied to both the CW and rapid-
scan data to decrease noise. The filter parameter was selected to broaden
the signals by <2%.FIGURE 2 Comparison of CWand rapid-scan spectra of BMPO-OOH in
solution with a O2
, production rate of 0.1 mM/min, recorded 10 min after
mixing reagents. The O2
, was produced by a hypoxanthine/xanthine oxi-
dase mixture. The concentration of BMPO-OOH is ~0.3 mM. (A) CW spec-
trum obtained with 55 G sweep width, 0.75 G modulation amplitude, single
30 s scan, 15 ms conversion time, 10 ms time constant, and 20 mW (B1 ¼
170 mG) microwave power. (B) Deconvolved rapid-scan spectrum obtained
with 55 G scan width, 51 kHz scan frequency, and 53 mW (B1 ¼ 250 mG)
microwave power. Segments consisting of 12 sinusoidal cycles were
averaged 100 k times, with a total data acquisition time of ~30 s.RESULTS AND DISCUSSION
CW spectra of BMPO-OOH were obtained with a Bruker
X-band (9.5 GHz) EMX Plus and a SHQ resonator that
represents the current state of the art. Rapid-scan spectra
were recorded on a custom Bruker X-band E500T with a
dielectric resonator. The dielectric resonator is advanta-
geous for rapid-scan experiments because the rapidly chang-
ing magnetic fields induce fewer eddy currents compared
with the SHQ resonator. CW and rapid-scan spectra were
obtained for BMPO-OOH produced by 6 mM/min genera-
tion of O2
, from hypoxanthine/xanthine oxidase (Fig. 1).
The conventional first derivative spectrum and the first
integral of the CW spectrum are shown in Fig. 1, A and B,
respectively. Fig. 1 C is the deconvolved rapid-scan spec-
trum, which was obtained in 10% of the time required for
the CW spectrum (Fig. 1 A). Rapid-scan spectra are pre-
sented as the absorption signal because that is the form in
which data are recorded. Both CW and rapid-scan spectra
for BMPO-OOH exhibited the characteristic 12-line pattern
that arises from nearly equal hyperfine splittings by one
nitrogen with AN ¼ 13.23 G and one proton with AH ¼FIGURE 1 Comparison of CWand rapid-scan spectra of BMPO-OOH in
solution with a O2
, production rate of 6 mM/min, recorded 10 min after
mixing reagents. The O2
, was produced by a hypoxanthine/xanthine
oxidase mixture. (A) CW spectrum obtained with 55 G sweep width,
0.75 G modulation amplitude, single 42 s scan, 20 ms time constant, and
20 mW (B1¼ 170 mG) microwave power. (B) The first integral of the spec-
trum in panel A. (C) Deconvolved rapid-scan spectrum obtained with 55 G
scan width, 51 kHz scan frequency, 20 mW (B1 ¼ 150 mG) microwave
power, 100 k averages with one cycle averaged, and a total time of ~4 s.
Biophysical Journal 105(2) 338–34211.8 G, and nearly equal populations of two isomers (18).
There is good agreement between the nuclear hyperfine
splittings observed in the CW and rapid-scan spectra (18).
The smaller splittings are better resolved in the rapid-scan
absorption spectrum (Fig. 1 C) than in the first integral of
the CW spectrum (Fig. 1 B) because the high modulation
amplitude and power used to obtain the CW spectrum
broadened the lines. Because magnetic field modulation is
not used to record the rapid scan spectrum, this source of
line broadening is avoided. For comparison of the two
methods, the spectra in Fig. 1 were obtained with approxi-
mately the same B1. Because the time on resonance is
shorter for rapid-scan than for CWEPR, a higher microwave
B1 can be used without causing power broadening (27),
which improves the S/N for rapid-scan EPR.
CWand rapid-scan spectra in Fig. 2 were obtained in 30 s
of data acquisition time for samples with formation rates of
0.1 mM/min O2
,, which is 60 times lower than the rate in
Fig. 1. In the CW spectrum (Fig. 2 A), there is barely a hint
of the BMPO-OOH signal. By contrast, the rapid-scan spec-
trum recorded in the same 30 s of data acquisition time has
an S/N of ~10 (Fig. 2 B). Based on the comparison in Fig. 2,
it is evident that rapid-scan EPR permits detection of
BMPO-OOH with good lineshape fidelity at low production
rates than are inaccessible by CW EPR for the same data
acquisition time. The ability of rapid-scan EPR to acquire
higher S/N data in a shorter time than CW will improve
FIGURE 3 Comparison of CWand rapid-scan spectra of BMPO-OOH in
a suspension of E. faecalis with 2  106 CFU/mL and a O2, production
rate of 0.2 mM/min, recorded 10 min after mixing reagents. The concentra-
tion of BMPO-OOH is ~0.5 mM. (A) CW spectrum obtained with 55 G
sweep width, 0.75 G modulation amplitude, single 30 s scan, 15 ms conver-
sion time, 10 ms time constant, and 20 mW (B1 ¼ 170 mG) microwave
power. (B) Deconvolved rapid-scan spectrum obtained with 55 G scan
width, 51 kHz scan frequency, and 53 mW (B1 ¼ 250 mG) microwave
power. Segments consisting of 12 sinusoidal cycles were averaged 100 k
times, with a total data acquisition time of ~30 s.
Rapid-Scan EPR for Spin Trapping 341the temporal resolution of spin-trapping experiments and be
crucial for in vivo imaging.
Rapid-scan EPR was applied to a bacterial system, the
extracellular production of O2
, by E. faecalis, at a rate
of 0.1 nmoles/min per 1.0  106 CFU (Fig. 3). At this
rate of O2
, production, it was difficult to determine
whether the EPR spectrum of BMPO-OOH was present in
a CW spectrum with 30 s acquisition time (Fig. 3 A). By
contrast, the characteristic BMPO-OOH signal in a rapid-
scan spectrum with a 30 s acquisition time has an S/N of
~42 (Fig. 3 B). The data in Fig. 3 demonstrate the improved
sensitivity of rapid-scan relative to CW EPR in a living
system.
There are several reasons why rapid-scan EPR yields
better S/N than CW EPR: 1) In every scan, the full ampli-
tude of the signal is detected by rapid-scan EPR, in contrast
to conventional spectroscopy, where the signal amplitude
that is detected is limited by the modulation amplitude
and increasing the modulation amplitude causes broadening
of the line. 1) In the rapid-scan spectrum, the magnetic field
is on resonance for a shorter period of time than in the con-
ventional CW spectrum, so higher microwave power can be
used without saturation of the signal (22,25,27). 3) In the
rapid scans, the absorption and dispersion signals are com-
bined, which gives up to a O2 improvement in S/N (39). The
net result of these factors is a major improvement in S/N thatis especially important at low radical concentrations. As
shown in Figs. 2 and 3, improved S/N can make the differ-
ence between detecting and not detecting an EPR signal. In
addition, if the S/N is the same, we can calculate the number
of spins from the absorption spectrum about twice as
accurately as we could from the first derivative signal (40).CONCLUSIONS
The experiments described here demonstrate that rapid-scan
EPR can detect lower concentrations of BMPO-OOH
radicals than can be detected by CW EPR. The improvement
in S/N for BMPO-OOH that can be obtained by rapid-scan
compared with CW EPR is applicable to many radicals with
relaxation times that are too short for pulsed EPR, including
other types of nitroxides. With the development of low-
frequency EPR spectrometers with imaging capability
(41,42), nitroxides can serve important roles in the study
of physiology. We envision that rapid-scan EPR will
become an integral component of future EPR imagers, and
will expand opportunities to apply spin-trapping and stable
nitroxides to explore important physiologic questions
in vivo, in situ, and in real time.
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